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In piezoelectric ceramics of the type PbTi,_zZr;O; and Pbo.osSro-os
Tii_zZr.O;, which have been doped with CriOs3, chromium concentrates
in the intergranular phase between the prevailing crystalline grains of
perovskite structure. According to the respective conditions of sintering
the intergranular phase consists of Pb,CrOs or its miature with PbsCrOs.

INTRODUCTION

the case of piezoceramic materials based on PbTi,—;Zr,O; doping with
==romic oxide brings about an increase in temperature and time stability of
sducer resonance frequency [1]. The materials can be utilized above all as
quency filter resonators. The composmon of the solid solutions i is selected

phase diagram PbTiO;—PbZrO; [1] and the Cr;0; content is usually in the
range of 0.2 to 0.7 percent by weight. With the aim of increasing the dielee-
iric constants the converters the Plel_sz solid solutions are sometimes
modified by partial substitution of Pb2+ ions for strontium ions. The resulting
position can then be written as Pb,_Sr,Ti3*,Zr,03 where usually # < 0.1[1).
Most of the studies published so far on type PbTi,—;Zr.;Os piezoelectric
=ramics with chromic oxide additions deal with their physical properties.
Neither composition nor structure of the individual phases arising in the
course of calcination and sintering of these materials have so far been explicitly
determined. According to Heywang [2] the material comprises grains of the
hase material having a perovskite structure, and an intergranular phase in
which the doping substance becomes concentrated. The author suggests
that chromium is quantitatively built in this phase. The intergranular phase
composition is not specified in the Heywang paper; however, in a published
discussion ([2] p. 679) the author stated that the intergranular phase was
found to contain PbCrOs.
On the other hand, Uchida and Tkeda [3] point out that the materials form

solid solutions (1 — 2) PbTi;-zZr;0; + % Cr;03 up to a concentration z =

= 2.2 mol percent. The authors assume that in PbTi,_,Zr;03 solid solutions
chromium can be present both in trivalent and hexavalent form. The presence
of Pb,CrOs and ZrO, was determined at high initial Cr,03 contents. According
to Uchida and Ikeda [3] the Pb,CrOs compound is formed regardless of whether
the initial mixture of raw materials contains chrome in trivalent or hexavalent
‘orm.

The present paper deals with the results obtained in a study of phase
composition of piezoceramics PbTi;-zZr;0; and Pbg.osSro.osTii-zZr;0s at
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0.45 < 2 = 0.55, doped with additions of 0.5 %, by wt. of Cr,03. Evaluation
of the results of X-ray phase analysis and X-ray microanalysis has made
use of the results by Negas [4], which include data on compounds arising in
the system PbO—Cr;0; at high temperatures in an oxidating atmosphere.

"EXPERIMENTAL

The materials to be studied were prepared by the conventional ceramic
technology from stoichiometric mixtures of the raw materials, namely PbO anal.
pure (Spolana Neratovice, N.C.), TiO, (MCHZ Prerov, N.C.) ZrO, ‘S-Grade’
(BACO Chemicals, Great Britain), SrCOs; A.R. (Lachema Brno N.C.); during
the weighing-in correction was taken for purity. The substances were ground
wet and homogenized together with Cr,O; (anal. pure, Lachema Brno N.C.)
and then:calcined at 900 °C for a period of three hours. The material was then
ground and compacted into circular specimens 12 mm in diameter and 2 mm
in thickness. The specimens were sintered in air in platinum sheaths in PbO
vapour atmosphere [5] at a constant temperature for a period of 1 hour. The
sintering temperatures were in the range of 1240 to 1280 °C. The necessary PbO
vapour tension was provided by introducing into the sheaths pellets com-
pacted of material comprising PbZrO; with exceess ZrO,. Stepped up numbers
of these platelets were used in the individual sheaths in relation to the number
of transducers being sintered. The specimens were weighed both before and
after firing. A series of sintered specimens characterized by changes in weight
due to firing in the range of —1.5 %, to 5.3 %, was obtained from each type
of material prepared. The increase in weight indicates to diffusion of PbO
from the ambient atmosphere into the specimens. On the other hand, a loss
in weight allows to assume that some of the PbO has volatilized from the
specimen [5].

The X-ray phase analysis was carried out by means of the Kristalloflex 4
Siemens apparatus on powdered samples using K, radiation of the copper
anticathode. The. values measured were recorded by the analogy method.

The mutual distribution of phases was followed in the sintered specimens
by X-ray analysis using the JXA-5A Jeol microanalyzer. Chromium content
in the perovskite phase was determined semiquantitatively, also at the points
of its concentrated occurence; in this determination the electron beam was
focused to its minimum diameter (several tenths of wm). It can be assumed
that at this electron beam diameter the effecfive volume analyzed does not
exceed the sizes of most grains of the prevailing perovskite phase. In the
calculation of chromium content the intensity of the K.,z line of. chromium
at the points analyzed was corrected for background and then compared with
the'line intensity of standard chromium metal. No other corrections were
taken into account in view of the relatively small dimensions of the analyzed
points which did not provide conditions for attaining such accuracy as would
glve grounds for introduction of such corrections. . ;

THE RESULTS AND TH.EIR EVALUATION.

-Fi'g;. 1 shows the intensity distribution of back scattered electrons for speci-
men, Al having the initial composition of Pbo.osSro.0sTi0.47Z10.5303 + 0.5 9
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:0:. The specimen was characterized by a weight increase of 1.7 %, due to
firing. Fig. 1b, ¢, then shows planar distribution of chromium and zirconium

the same specimen.

Figs. 1a, b, ¢ indicate that the specimen was not homogeneous. Apart from

prevailing perovskite phase Fig. 1a shows minor inhomogeneities in which
chromium is concentrated. The points appear in Fig. la in lighter colour,
cause they contain lead in higher concentrations than the perovskite phase
These inhomogeneiti:s are obviously located among the base material grains
and thus form an intergranular phase in which the doping element becomes
ncentrated. At the six analyzed points of specimen Al exhibiting a high
hromium content in the range of 7.2 to 9.0 9, the dimensions of the analyzed
spots were satisfactory for semiquantitative determination.

At most of the points, which appear as dark areas in Fig. la, zirconium is

sent in higher concentrations (Fig. 1c). The characteristic greenish cathode
uminescence, well discernible under the microanalyzer optical microscope,
dicates to the presence of ZrO, at these points. At some points appearing as
rk spots in Fig. la, no increased concentration of any of the elements present

s detected. The points are probably pores. Titanium as well as strontium

not form any marked inhomogeneities so that these elements can be assumed
t0 be uniformly dispersed throughout the perovskite phase.

In samples from which pait of the PbO had volatilized during the firing,
X-ray microanalysis had also revealed a content of ZrO,. Even these samples
contain inhomogeneities in which chromium has concentrated and the lead
content is higher than in the prevailing perovskite phase.

Fig. 1d shows intensity distribution of back scattered electrons for specimen
A2 of the same initial composition as in the previous case. However, specimen
A2 is characterised by an increase in weight by 5.3 %, due to firing. Contrary
to specimen Al, dark spots appearing in Fig. 1d exhibited no content of ZrO,
nor any higher concentration of the elements present. These spots are therefore
probably pores. Fig. 1d also shows lighter spots, in which chromium was
determined insofar as their sizes allowed to carry out semiquantitative analysis
satisfactorily. In some of these points the chrome content was in the range
of 8.4 to 9.2 %,. However, in most of the “lighter’’ spots of specimen A2 the
clnomhum content was 10we1 namely in the range of 3.0 to 3.9 %,.

X-ray diffraction diagrams of calcinate and sintered specimen of initial compo-
sition Pleo 40Z1r9.5103 4+ 0.5 Y%, by wt. Cr,0; are shown in Fig. 2a,b. The sintered
specimen employed for. analysis was characterized by an increase in weight
by 2.2:%, due to firing. The indexed diffraction lines in Fig. 2a,b can be ascribed
to the prevailing perovskite phase. However, in addition to tlns Fig. 2a, b shows
some [less intensive lines the characteristics of which have been compared
with those specified for Pb,CrOs and PbsCrOs by Negas [4]. Fig. 3 illustrates
that both values d (interplanar distance) and relative line intensities for
Pb,CrOs correspond well to those in Fig. 2a, b unless of course these lines do
not coincide with the intensive lines of the perovskite structure. Fig. 3d also
shows' values d and relative line intensities for calcinate of initial composition
Phy. 95810 o0sTio.47270.5303 intentionally doped with pre-prepared PbCrO,; the
respective lines cannot be ascribed to the perovskite phase. According to
Fig. 3d even this calcinate contains the compound Pb,CrOs.

Fig. 4 shows values d and relative line intensities which cannot be ascribed
to the perovskite phase in specimens having the composition Pbg.osSro.0s
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Tio.4721r0.5303 + 0.5 9, Cr;0;. The specimens are characterized by a firing
gain of + 5.3 %, (specimen Bl), + 4.0 9% (B2), +2.3 9% (B 3) and a firing
loss of —1.4 9, (B4). Fig. 4 implies that samples Bl and B2 contain Pb,CrOs
and PbsCrOg. The content of the latter compound is higher in sample B1
than in sample B2, with the content of the former it is the other way round.
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Iig. 3. Relative diffraction line intensities and interplanar distance values.
a) PbyCrOs,
b) PbTi,. 49210, 5,0; doped with 0.5 % by wt. Cr,0s,
c) stntered spectmen of the same tnitial composition,

d) calcinate Pbo.osSro.0sTio. 41Zr0. 5303 doped with PbCrO,. Diffraction lines of the
perovskite phase have been omitted.
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According to X-ray analysis specimens B3, B4 contain only Pb,CrOs beside
the perovskite phase.

The chromium content determined semiquantitatively in the intergranular
phase of specimen Al obviously approaches that in Pb,CrOs which corresponds
to 9.52 9%,. The chromium content determined in most of the ana'yzed points
in specimen A2 (in the range of 3.0 to 3.9 9,) is again close to that in PbsCrOs,
i.e. 4.27 9%,. This comparison of results indicates that the intergranular phase
of specimen Al consists of Pb,CrOs, that of specimen A2 of Pb,CrOs and
PbsCl‘Og.
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Pig. 4. Relative diffration line .intensities and interplaniar distanice values of PbsCrOs
. -specimens B1 to B4, and PbaCrOs. Dzﬁ"mctum lmes of the. pm ov.s'kzte phase have
been omitted.
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In the case of the specimen in the preparation of which lead chromate was
used instead of Cr,0s, the presence of Pb,CrOs was again determined (Fig. 3).
This is in agreement with the data by Negas [4] according to which PbCrO,
decomposes at temperatures above 753 °C in air, producing Pb,CrOs. It can
therefore be assumed that the materials in question cannot contain lead
chromate in their intergranular phase after the conventionally performed
calcination and sintering operations. Apart from Pb,CrOs and PbsCrOs no
other chromium compound was found in the materials studied.

X-ray microanalysis was likewise employed in an attempt to determine
chromium content in the prevailing perovskite phase. With specimens Al, A2
this content is very low, about 53X 10-3 percent, which is at the sensitivity
limit of the instrument employed. This value may also involve an error because
the respective specimens were relatively fine-grained; the perovskite grain
size amounted to about 3 pm. The experimental methods employed therefore
do not allow to reach any definite conclusion with respect to the solubility of
chromium in solid solutions of the type PbTi,_,Zr,O;. However, insofar as
chrome dissolves in the the perovskite phase at all, its solubility is very low
and can be obviously neglected when assessing the relation between the com-
position of the individual phases in the specimens studied, and the way they
have been prepared.

Because a stoichiometric mixture of PbO, TiO,, ZrO or PbO, SrCO;, TiO,,
ZrO,; was used in the preparation of all the sintered specimens, the above
assumption allows to determine by simple calculation the amount of PbO, i.e.
the increase in specimen weight during firing necessary for producing a solid
solution of the required composition and attain complete bonding of chromium
in the form of Pb,CrOs. In the case of specimens Al, A2 this limit amounts
t0 2.9 9% (when assuming that no chromium is lost in the course of calcination
and sintering). This reasoning shows that in the case of specimens characterized
by a slight increase in weight, the respective amount of PbO is not satisfactory
for the formation of a solid solution having the required composition. And
this is the reason why these specimens, similarly to those from which some
has volatilized in the course of firing, contain also ZrO, grains (Fig. 1) beside
the perovskite phase and Pb,CrOs; this is in agreement with the findings on
the stability of PbTi,_;Zr;03 solid solutions at high temperatures [1]. Specimens
characterized by a considerable weight increase due to firing contain more PbO
than necessary for the formation of Pb,CrOs and:of a solid solution having
the desired composition. These specimens likewise contain PbsCrOgs and the
content of this compound increases with increasing weight gain due to firing,
whereas the Pb,CrOs content decreases proportionally (Fig. 4).

In order to determine precisely the PbO content at which PbsCrOg begins
to appear in the intergranular phase it would be necessary to know the reactions
taking part in the formation of Pb,CrOs and PbsCrOg, as well as the thermo-
dynamic data for these compounds. In spite of this it has been proved that
the changes in weight of specimens fired in an atmosphere saturated to various
degrees with PbO vapours are closely related to the resulting composition
of the intergranular substance.
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CONCLUSION

The results show that in piezoelectric ceramic materials of the type
PbTi;-zZr,0; doped with Cr;0a, the chromium tends to become concentrated
in the intergranular phase between grains of the base substance of perovskite
structure. The solubility of chromium in the perovskite phase is obviously
very low. The conclusions of the study by Heywang [2] on the existence of
intergranular layers in these materials thus appear more correct than the
data by Uchida and Ikeda [3] according to which chromium is substantially
soluble in solid solutions PbTi,-;Zr;O;.

In contradistinction to Heywang, however, the present study has proved
that the intergranular phase does not contain any lead chromate. In relation
to the amount of above-stoichiometric lead oxide contained in the materials
after firing, the intergranular phase comprises either Pb,CrOs only, or in
addition to this also PbsCrOs. The presence of the latter was found in sintered
specimens containing higher amounts of PbO. The composition of the inter-
granular phase is indicated by the changes in weight due to firing of the
materials.

In view of the fact that in the materials in question the doping element is
present above all in the intergranular phase one can agree with the suggestion
by Heywang [2], according to which it is the presence of this phase which
allows to attain a high degree of temperature and time stability of resonance
frequency in the case of PbTii_;Zr,0; piezoceramic materials doped with
chromic oxide. No detailed explanation of the relations between composition
and properties of these materials has so far been suggested, and should therefore
be paid attention in future studies.
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STUDIUM FAZOVEHO SLOZENI PIEZOELEKTRICKE KERAMIKY
TYPU PbTii_zZr:0s DOTOVAN E Cr,0;

Karel Nejezchleb, Ladislav Plocek, Stanislav Kosina*
Vyjzkumny astav elektrotechnické keramiky, Hradec Krdalové

*Chemicko-technologickd fakulta Slovenskej vysokej Skoly technickej, Bratislava

Slozeni piezoelektrické keramiky PbTii_zZr;Os a Pbo,osSro, 0sTi1_2Zr.03; dotované
Cr20; bylo sledovéno rentgenovou fazovou analyzou a rentgenovou mikroanalyzou. Bylo
prokézano, Ze v téchto materidlech se mezi prevlddajicimi zrny s perovskitovou struk-
turou nachdzi intergranuldrni faze, ve které je dotujici prvek koncentrovén (obr. la).
Tato faze se na obr. la jevi jako ,,svétld. Ve vétsiné ,,tmavych‘‘ mist z obr. la se na-
chézi ZrO, (obr. lc). Intergranuldrni féze je zdvisld na mnoZstvi kysliéniku olovnatého,
ktery uvedené materidly po vypalu obsahuji, a je tvofena bud jen slouéeninou Pb,CrOs
nebo kromé ni obsahuje také PbsCrOs (obr. 3, 4). Na sloZeni intergranuldrni féze je
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moZno u slinutych vzorka usuzovat z védhovych zmén, ke kterym dochézi pii vypalu
uvedenych hmot. Slou¢enina PbsCrOs byla rentgenovou fdzovou analyzou prokézéna
ve slinutych vzoreich s vy$sim obsahem PbO (vzorky Bl, B2 — obr. 4).

Dosazené vysledky upresnuji idaje Heywangovy [2] o existenci a sloZeni intergranu-
larni faze v peizokeramickych materidlech typu PbTi,_zZr,0; dotovanych Cr,Os.

Obr. 1a. RozloZent intenzity odraZenyjch elektronii od plochy vzorku Al.
Obr. 1b. Plosné rozloZent chrému u vzorku Al.
Obr. 1c. Plosné rozloeni zirkonu w vzorku Al.
Obr. 1d. RozloZent intenzity odraZenyjch elektronii od plochy vzorku A2.

Obr. 2. Rentgenogramy kalcindtu PbTig.49Zre, 5103 dotovaného 0,5 % wvdh. Cr.0s (2a)
a slinutého vzorku téhoZ viyjchoziho sloZent (2b). U neindexovanych linii, které nelze
piifadit perovskitové fazi, jsou uvedeny hodnoty mezirovinnijch vzddalenosti.

Obr. 3. Relativni intenzity difrakénich linit a hodnoty mezirovinnych vzddalenosti,
a) szCl‘Os 5
b) kalcindatu PbTio, 40Z10,5:03 dotovaného 0,5 % vah. Cr,0s,
¢) slinutého vzorku téhoz viyjchoziho sloent,
d) kalcindtu Pbo,osSro, 0sTlo, 41210, 5303 dotovaného PbCrOs4.
Difraként linie perovskitové faze jsou vynechdany.

Obr. 4. Relativnt intenzity difrakénich linit a hodnoty mezirovinnych vzddlenosts PbsCrOs,
vzorkw B1 az B4 a Pb,CrOs.
Difraként linie perovskitové faze jsou vynechdany.

ICCJIETOBAHIIE COCTABA ®A3 MbE303JEKTPIUYECKOI
KEPAMUKIH PbTi;_s Zr:03 C JOBABKOH Cr.0;

Kapen Heeaxueo, Jlagncaas Ilionek, Craxucias Kommza*
Hayuno-uccaedogamenvcruiic uncmumym aaexmpomexnunecroic repamuru, I'padey Kpaaoce

*Paryavmem aumuneckoii mexnonozut Cao6aykozo NOAUMETHUNECKO20 UHCMUMYMA
B pamucaasa

IICCJIGI[OB&JICH COCTaB Tbe303IIeKTpIecKoil KepaMukn PbTi,_zZrz03 n Pbo,esTii_zZrz03
¢ fodaBkoii Cr,03 ¢ HOMOINDIO PEHTIEHOBCKOIO Jad0BOr0 AHAINBA I PEHTICHOBCKOIO MUKPO-
aHaim3a. DBmimo mokasaHo, uro B npHOOMNMOHM KCPaMIIKe CpPeqH IIpeodiajJalomHX 3epeH
¢ MEepPOBCKITOBOI CprHTypoﬁ HaXOJNUTCsI HHTeprpaHyspHas (pasa, B KOTOpPoil J00aBOYHbII
KOMIOHEHT KOHIleHTpHpyeTcs (pic. 1a). dToif ase Ha piucyHke la cooTBeTcTBYyeT ,,cBeTiaf’
qacTh. BoJbmuHCTBY ,,TeMHBIX'‘ MecT Ha puc. la coorserctByer ZrO. (pue. ic). IHrep-
rpaHyispHas (asa B 3aBHCHMOCTH OT KOJIUYECTBA BAKICH CBHHIA, CONEpXalleiics 1ocie
O0:xira B NPHBOJIMBIX MaTepHazax, oGpasyercst win coeguHerueM Pb,CrOs mmn coefute-
HueM Pb,CrOs Bmecre ¢ PbsCrOs (puc. 3, 4). Cocran IlHTepraHyJIi[’pHOH (a3l y CHEKIHXCST
npod MOMKHO BLIBOJMTL I3 H3MeHeHIil Beca, IPOXOJIFINUIN NPH OOKIIe paccMaTpuBaeMbIX
MaTepia:;ioB. CyliecTBOBaHHE COCHHHEHIIS PbsCrOs GhL10 JIORA3aHO C 1IOMONIBIO PEHTICHOB-
cxoro (pasoBoro aHair3a B npodax ¢ 0ojiee BBICOKHM cofepxanueM PbO (npoom Bi, B2 —
puc. 4).

Hawmu nosryuenHnie pesyibTaThl yTOUHSIOT faHHble XefBaHra [2], OTHOCHTEIILHO CyIIECTRO-
BaHMA H COCTaBa HHTEPI'PAHYJApPHOII (a3l B nhe3oKepaMIUECKHX MaTepHajax THIA
PbTiy_zZr.0; ¢ gmodaskou Cr,0s;.

Puc. 1a. Hzobpascenue ¢ ompascernbx eaekmporax npobur Al,
Puc. 1b. CrKy uszobpascerue npoéer Al,
Puc. 1c. ZrKa« uzobpascenue npo6ur Al,
Puc. 1d. Hzobpascerue ¢ ompasicernnble saekmpornax npobs. A2.
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Puc. 2. Penmeenoepastawwt naavyunama PbTie,49Zt,5103 ¢ dobasroii 0,5 secosvix %, Cr 03
(2a) u cnerweiica npobuvr mozo ace ucxodnozo cocmasa (2b). ¥ neobosrnauenmvix. auruil,
KOO pble 1Heav3s COOMINOCUMD ¢ REPOCKUMOBOL Pa3oli, NPUCOOIINCA BEAUNILHBL PACCMOR~
HUWil seaucdy naockocmasu.

Puc. 3. Omnocumeavivie witmencusocme Ougpar uoHHLT AUNWE U GEAUNUNBL DACCINOAHUL
Atexedy naocrocmsau;
a) PbyCrOs,
b) kaavyuname PbTio4eZro,5103 ¢ dobasroii 0,5 gec. Y Cri0s,
¢) cnerweiica npobv. 120 Jce UcToOH020 cocnasd,
d) rkaasyunama Pbo,esSro,0sTio,41210,5303 ¢ dobaskoii PbCrOs. Jugparyuonnsie
AUHUU NEPOBCEUIMOBOLE ¢hadvl He npucodsmes.

Puc. 4. Omnocumeavivie UHMERCUBHOCMU OUPBDARYUOHHBIT AURULE U GEAUNUNbL PACCINOIHUL
naockocmedi PbsCrOs, npo6 B1—B4 u Pby,CrOs. Jugparyuonnsie aurnuu neposcrumo-
6oli gpasvl He npugodLncs.
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Fig. la. Backscattered electron image Iig. 1b. CrKe image for spectmen Al.
for specimen A1,

Irig. Ic. ZrKq tmage for specimen Al Fig. 1d. Backscattered eles
Jor specimen AZ2.
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Obr. 2. Uréent Tm pro skla 0 a 4. Sklo 0 zahftvané 10 min pFi teploté: @ — 1170 °C,
b — 1190 °C, ¢ — 1210 °C. Sklo ¢ zahitwané 10 min pri teploté: d — 1170 °C,
e — 1190°C, f — 1110 °C.

Obr. 4. Sklo 4 zahitvané po dobu 64 hodin
pii teploté 810 °C mad vysoké %, krys-
talické faze Zn-petalitu.

Obr, 5b.
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Obr. bc. Obz. 4d.

Obr. 6. Sklo 4 zahitvané pii teploté 775 °C po dobu:a — 22h, b — 49k, ¢ — 73 h, d — 113 h.
Sférolitické krystaly jsou ve vsech piipadech Zn-petalit.

100

intensita

1 1 |

900 1000 1100 1200
t[°C]

Obr. 6. Intenzity charakteristick _/ch car (rtg- dzfmkcm analyzy) jednotlivych krystalickiych
Jazi vyludugicich se zahiwdanim skla 4 pii uvedenych teplotach po dobu 1k s pred-
béZnou nukleact na teploté 780 °C po dobu 80 min (objemovd krystalizace);

O — gahnit, © — willemit.

Obr, 12a. Obr, 126,
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Oby. 12c¢. Obr. 12d.

Obr. 12. Vv nukleaéni doby na pofet vytvoienych krystalke pii teploté 880 °C a dobé 1 h.
Nukleace 700 °C:a — 1,5 h, b — 3 h,c — 4,6 h, d — 6 h. ZvétSeno 375X .
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a — po dobu 20 min — (odmisent), b — po dobu 2 (krystaly Zn-petalitu).

Obr. 15. Ochlazend tavenina sloZeni 06,5 s riznou éasovou prodlevou pit 830 °C.
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a — po dobu 10 min, b — po dobu 15 min.

Obr. 16. Ochlazend tavenina slofent 6,5 s riznou asovou prodlevou pit 900 °C,





